Background: Bio-cathode denitrifying microbial fuel cell (MFC) is a promising bio-electrochemical system (BES) where both the reactions of anodic oxidation and cathodic reduction are catalyzed by microorganisms. In this nitrogen removal process, a complete biological denitrification from nitrate (NO 3 -) to molecular nitrogen (N 2 ) was achieved by four reduction steps, forming nitrite (NO 2 − ), nitric oxide (NO) and nitrous oxide (N 2 O) as intermediate compounds. These enzymatic catalysis reductions are often slowed down on cathode electrode at the higher cathodic nitrate loading. This study investigated the cause for inhibition of the biological denitrification in a three-chambered MFC where the middle chamber acted as denitrifying bio-cathode and the two chambers at the side acted as bio-anode. Carbon fiber brushes were used as electrodes and nafion membranes were used as separator between the chambers. Results: The maximum power obtained was 14.63 W m −3 net cathodic compartment (NCC) (R ext =11.5Ω) at an optimum nitrate loading of 0.15 kg NO 3
Background
Microbial fuel cell (MFC) could be a sustainable hybrid technology for removal of bio-degradable organics and generation of electricity from various types of pure organic substrates and wastewater [1, 2] . In an MFC, the biochemical reactions are catalyzed by electrogenic bacteria on the anaerobic anode surface and the electrons and protons are produced from the degradation of organics.
Concurrently, another set of bio-electrochemical reactions are taken place in the aerobic cathode surface, whereby the anode produced electrons and protons are consumed for reduction [3] [4] [5] [6] . Fig. 1 shows the electron harvesting procedure in an MFC. A typical MFC comprises of an anaerobic anode and an aerobic cathode separated by a proton exchange membrane (PEM) or by an electrolytic solution (wastewater) by which the protons diffuse from the anode toward the cathode. The flow of electrons and the potential difference between the respiratory enzymes of anodic microbes and the oxygen reduction reaction on cathode generates current and voltage, respectively [7, 8] .
In MFC, the most commonly used electron acceptor for cathodic reaction is oxygen due to its abundant availability, higher redox potential and eco-friendly character [9] . Rather than oxygen, some other chemical electron acceptors such as Fe (III), Mn (ΙV), and ferricyanide or bio-reducing substance such as NO 3 − , SO 4 2− have been used by different researchers [10] [11] [12] [13] [14] .
The added benefits of treating wastewater in MFC compared to that of the conventional activated sludge process are -(a) no requirement of aeration for COD removal, which reduces the power consumption; (b) direct conversion of substrate into electricity without any intermediate steps; (c) low generation rate of sludge; (c) generated electricity can be used to operate other units of the treatment plant [10, 15, 16] . Despite the advantages, the MFC technology still faces serious limitations in terms of large-scale application due to the use of costly catalyst (Pt) coating on cathode electrode and the lack of cost-effective proton exchange membrane or the knowledge of optimum operating conditions [17] . Due to these limitations, a number of issues have to be resolved through research and development before having this technology as a cost-effective alternative for green energy production. Among them, the major concerns are the selection of cheaper electrode materials [18] and the optimization of the reaction processes in order to maximize electrical power output and reduce installation costs. An MFC operating with a cost-effective biocathode would hence be of major interest for practical application of this technology for wastewater treatment. This research investigates the potential application of denitrifying bio-catalyst on cathode electrodes as an ecofriendly alternative of the costly Pt catalyst in MFC.
Denitrifying bio-cathode MFC is a complete bioelectrochemical system (BES) where both the anodic oxidation and the cathodic reduction reactions are catalyzed by microorganisms [19] . The complete biological denitrification from nitrate (NO 3 − ) to molecular nitrogen gas (N 2 ) is a step down reduction reaction forming nitrite (NO 2 − ), nitric oxide (NO) and nitrous oxide (N 2 O) as intermediate compounds. The biochemistry details of the biological denitrification process are shown in Fig. 2 with the redox potential values and the name of the enzymes at each step [20] . Several studies on biological denitrification with environmental media, such as soil and sediments have demonstrated that the N 2 O reductase is inhibited at high oxygen and NO 2 − concentrations or at low pH [21] [22] [23] . The inhibition of the N 2 O reductase will lead to the accumulation of intermediate denitrifying compounds and decrease the total rate of biological denitrification.
There are several mechanisms involved to inhibit the biological denitrification process. That is why, the dominating mechanism of inhibition to biological denitrification is still ambiguous. One study on the biological nitrogen removal from wastewater have reported that the accumulation of nitrite (10 mg NO 2 − -N L −1 ) is a possible cause of N 2 O release from denitrifying sludge [24] . Some other studies have speculated that the enzymatic competition between the terminal electron acceptors is a cause of inhibition to biological denitrification [25] . Kinetic studies on N 2 O reductase using pure bacterial cultures have demonstrated that the activity of nitrous oxide reductase enzyme is not only dependent on accumulated NO 2 − concentration, but also on the pH of the media [26] . According to chemical kinetics, the accumulated NO 2 − will spontaneously form free nitrous acid (FNA) in the aqueous chemical system depending on pH of the aqueous media [27] . Incorporating the concept of FNA generation inside the NO 2 − containing aqueous solution, some recent studies on biological denitrification have claimed that FNA inhibits the growth and energy generation into a variety of phylogenetic organisms, including denitrifiers, denitrifying poly-phosphate accumulating organisms [28, 29] , ammonia and nitrite oxidizing bacteria [30] . However, all of those studies investigated the inhibitory effects of NO 2 − as well as FNA only on heterotrophic denitrifying microorganisms. None of the previous study has investigated the inhibitory effects of NO 2 − and FNA on autotrophic denitrifying microbes. The main goal of this study is to have an improved understanding of any possible inhibition of the accumulated intermediate denitrifying compounds that takes place on the autotrophic denitrifiers, which act as biocatalysts on the cathode surface of MFC.
The study was carried out to (i) understand the behavior of autotrophic denitrifying microbes under various cathodic nitrate loading for electricity production in MFC, (ii) optimize cathodic nitrate loading rate using synthetic acetate solution as electron donor for denitrification, (iii) determine the attainable electricity and power production based on this cathodic denitrification, (iv) determine the rate of nitrogen removal in cathode chamber, and (v) determine the optimal conditions for the bio-cathode denitrification without inhibition of the intermediately formed denitrifying compounds.
Materials and methods

Design of MFC
The autotrophic denitrifying bio-cathode MFC system used in this study was illustrated in Fig.3a showing the flow directions of anodic and cathodic liquid streams, and bio-chemical species. The MFC contained three upflow baffle-channeled chambers. In the assembled MFC, the middle chamber acted as denitrifying bio-cathode and two chambers at the sides acted as bio-anode. The bacteria grown on the anode and cathode electrode surfaces as attached biofilm catalyzed the anodic and cathodic reactions. Acetate containing synthetic wastewater continuously pumped through the anodic chambers, where bacteria utilized the organic substrate in its metabolic pathways to produce CO 2 , protons and electrons. The electrons produced at the metabolic process were collected at the anode electrode and diverted towards the cathode electrode, where autotrophic denitrifying bacteria retrieved them to reduce NO 2 -to N 2 gas. A synthetic wastewater containing nitrate was continuously pumped into the cathode chamber by a peristaltic pump (master flex, USA). Due to a proton motive force, the produced protons in the anode chamber migrated to the cathode surface by means of diffusion within the electrolytes and throughout the cation exchange membrane.
The actual internal design of the baffled channel in each chamber was shown in Fig. 3c . Each channel had a 3-cm square uniform cross-sectional area along the entire length. The midline length of each channel was 0.9 m. The channel was made by thorough cutting of a 3-cm thick acrylic plate with CNC machine. The horizontal portions of the channel were inclined at 4.1°up-ward direction to facilitate the up-ward movement of produced gas (biogas in anode chamber and N 2 gas in cathode chamber) inside the channel. The internal volume of channel in each chamber was 0.75 × 10 −3 cubic meter.
Both the anode and the cathode chambers were filled with a long and square cross-sectional fiber brush electrode. The brush electrode was made of carbon fibers (PANEX35 CONTINUOUS TOW, 50 K, ZOLTEK) with the following properties: tensile strength of 3.8 × 10 6 KPa, Tensile Modulus of 241 × 10 6 KPa, and Density of 1.81 g cm −3 . The carbon fiber bunches were cut to a designated length and wound using an industrial brush manufacturing system into a twisted core consisting of two stainless steel wires (wire diameter of 0.5 mm). Then the circular cross sectional brush was trimmed to a 3 cm square cross-sectional brush (Fig. 3b ) using a hair dressing electric razor so that the brush was completely filled in the 3 cm square cross-sectional up-flow channel. Prior to use, the carbon fibers were treated with ammonia gas as described by Logan et al. [31, 32] . The mass of the carbon fibers used in each channel was 26 ± 1.5 g.
According to the mass of fibers used in each channel of the MFC and an average fiber diameter of 7.2 μm, the estimated brush surface area was 7.98 ± 0.46 m 2 or 10,650 ± 600 m 2 m −3 of the reactor volume at an attained brush packing density of 7 % in the reactor. The volume of the total cathodic chamber (TCC) is 0.75 L and the liquid volume after packing of brush in the channel, the net cathodic chamber (NCC), was 0.69 L. The total volume of the two anodic chambers (TAC, total anode chambers) was 1.5 L and the volume of the net anodic chamber (NAC) was 1.38 L. Both the anode and cathode chamber was separated by a proton exchange membrane (nafion-112, 2 mill thickness, Gashub Technology). The pretreatment of the PEM was done by sequentially boiling it at 80°C in H 2 O 2 (3 %), deionized water, 0.5 M H 2 SO 4 and then deionized water, each for 1 h and then stored in deionized water prior to being used [33] .
Bacterial inoculation
Both the anodic and the cathodic liquid streams were circulated (1.25 × 10 −3 L min −1 or 0.075 L h −1 ) in an upflow mode for inoculation. In the anode chambers, sieved sewage (355-μm diameter sieve, effluents from primary settling tank, Sultan Qaboos University wastewater treatment plant, Oman) was circulated continuously as a substrate and inoculums during the At inoculation stage, the cathodic liquid stream was recirculated in up-flow mode by an external recirculation vessel. The cathodic liquid streams were consisted of a modified buffer medium. The detail composition of the buffer medium [34] and the trace minerals and vitamins solution [35] [36] [37] were collected from previous studies on bacterial culturing procedure. Different types of aerobic and anaerobic sludge (activated sludge, digester sludge) and sediments (sediments from primary and secondary settling basins) were mixed in order to obtain cathodic inoculums (2.5 mL of dewatered sludge in 1 L of cathodic liquid stream) with sufficient microbial diversity. A concentrated KNO 3 solution was added into the recirculation vessel twice a day to achieve a desired volumetric loading rate of 0.1 kg NO 3
of buffer solution pumped at a flow rate of 1.25 × 10
Operational conditions
After inoculating the anode electrode with domestic wastewater, the anodic streams were switched to a synthetic acetate solution containing the same modified buffer medium (the buffer medium used in cathode chamber) with sodium acetate. During this operational period, the sole electron donor for the anodic microbes was acetate and the sole electron acceptor for the cathodic microbes was nitrate. The concentration of nitrate and acetate for different cathodic nitrate loading are mentioned in Table 1 . Each specific nitrate loading was fed approximately 30 days, keeping the constant feeding of acetate solution at the anodic chamber at an stoichiometric ratio of 2.5 (Acetate carbon/Nitrate nitrogen).
Calculations
Cell potential (E cell , V) was measured with a multimeter connected to a computer by a data acquisition system (PC1604, TTi, RS) at every 30 min interval. Power (P, W) was calculated as: P = I · E cell , where current (I, A) was determined according to the ohm's law: I = E cell / R ext , and R ext (Ω) is the fixed external resistance. Volumetric power (P ν , W m −3 NCC) was determined by P ν = E The open circuit voltage (OCV) of an MFC was the maximum cell potential generated by the system under infinite resistance (no current). Polarization and power densities were obtained by varying the external circuit resistance from infinity to 1 Ω using a resistor box (RS-201 precision resistance substitute, IET LABS, INC). The cell potential values were recorded only after the pseudo-steady-state conditions had been established. The establishment of this pseudo-steady-state might took several minutes or more, depending on the cathodic nitrate concentration and the external resistance. By changing the external resistance, we obtained a new cell potential, and hence a new current density and power density.
According to Anthonisen et al. [27] , the spontaneous generation of FNA was calculated by the concentration of accumulated nitrate (NO 2 − ) formed as intermediate compounds in the biological denitrification process, pH, and temperature as follows:
FNA as HNO 2 
In which, K a is the ionization constant of the nitrous acid equilibrium equation and it is also varied with temperature [27] . The value of K a is related to temperature (°C) by
Analytical methods in the anodic and cathodic liquid stream were determined by an Ion Chromatograph (DIONEX-500 fitted with GP50 Gradient pump and CD20 conductivity detector) with IonPac CS12A cation and IonPac AS9-HC anion column. In those measurements, samples were first filtered through a 0.2-μm pore sized membrane before analysis. Acetate was analyzed using a gas chromatograph (Shimadzu, AOC-20i) equipped with a FIT detector and a 25 m × 0.32 mm × 0.5 μm HP-FFAP column. Samples were also filtered through a 0.2 μm pore sized membrane and acidified using formic acid before analysis. Produced N 2 gas analyses were performed using a gas chromatograph (GC-17A, Shimadzu) with charlston 80/100 porapak column using Helium gas as carrier. Total nitrogen was measured using a Shimadzu TNM-1 unit coupled with a TOC-V analyzer. In both case, samples were pre-filtered through a 0.2 μm pore sized membrane.
Results and discussion
Effect of different cathodic nitrate loading on current and power generation of MFC Two similar set of MFCs were operated simultaneously for better understanding of the results. During the operational period, both the MFCs were operated with the synthetic acetate solution as the anodic influent and the synthetic nitrate solution as the cathodic influent. The MFCs were operated at different cathodic nitrate loadings using 10.5 Ω as external resistance. Each combination of substrate loading (i.e., nitrate in cathode chamber and acetate in anode chamber) was operated for 30 days. During each combination of substrate loading, the current production and the denitrification rate was increased gradually with the increase of microbial population inside the MFC reactor and subsequently, reached to a saturated value. The saturation conditions were achieved by approximately 18 to 20-day continuous feeding of substrate at every specific substrate loading.
Here the recorded current production and denitrification rates were the saturated values for each specific substrate loading. Fig. 4 showed the saturated current generation profiles with the gradual increase of specific cathodic nitrate (substrate for the cathodic denitrifying bacteria) loading from 0.05-0.25 kg NO 3
The maximum saturated current production obtained in this bio-cathode MFC system at an external resistance of 10.5 Ω was 53.8 ± 1.6 A m −3 NCC with 0.15 kg NO 3 − -N m −3 NCC d −1 of cathodic nitrate loading. The current production rate was slightly higher than that found by Virdis et al., 2008 Virdis et al., , 2009 .
The current generation profiles showed that the rate of current production was decreased instead of increasing at a cathodic nitrate loading of more than 0.15 kg
A detailed study on why current production was decreased at higher cathodic nitrate loading was investigated by monitoring the accumulation of possible intermediate denitrifying compounds .  Fig. 4 showed the inhibitory effect of the intermediate denitrifying product -nitrite (NO 2 − ), which was formed during the denitrification and current generation process of the denitrifying bio-cathode MFC. The formation of nitrite is associated with the formation of free nitrous acid (FNA, the protonated form of nitrite ion, HNO 2 ) in the aqueous chemical system spontaneously. A recent study revealed that the formation of FNA was enhanced at the higher acidic conditions of the aqueous system [39] . The similar findings were also observed in this study. Table 1 showed that the pH values of the cathodic liquid stream were neutral (pH = 7.0 ± 0.10) at lower nitrate concentrations and it was dropped gradually for the nitrate concentration of more than 0.1 kg NO 3 − -N m −3 NCC d −1 . These data confirmed that the acidity of the cathodic liquid stream was increased with the increase of the cathodic nitrate-loading rate for more than 0.1 kg Fig. 4 showed that the formation of FNA increased exponentially at nitrate concentration of more than 0.1 kg NO 3 − -N m −3 NCC d −1 . Therefore, the total understanding of these two data confirmed that the increased acidity level of the cathodic liquid stream at higher cathodic nitrate loading rate was enhanced the exponential formation of FNA. The formation of nitrite (NO 2 − , denitrifying product) at the lower cathodic nitrate-loading rate did not show any inhibition to the microbial process, but the formation of FNA at higher cathodic nitrate loading inhibited the microbial process on cathode surface. These findings demonstrated that the observed degree of inhibition correlated much more strongly with the FNA, rather than nitrite concentration, indicating FNA as the true inhibitor on the activity of denitrifying microbes. Similar inhibitory effects of FNA were found to impart a wide range of phylogenetic types of bacteria, including both ammonia and nitrite oxidizing bacteria [27, 30, 40] , denitrifiers and also denitrifying enhanced phosphorus removal organisms [28, 41] . The results showed that both the current generation and the Table 2 shows that the maximum power production increased gradually with a gradual increase of initial cathodic nitrate loading. But the initial cathodic nitrate loading of more than 0.15 kg NO 3
Polarization and Power generation
could not produce higher power. This is due to the inhibitory effect by the intermediately formed denitrifying compounds (nitrite and FNA) to the denitrifying organisms on bio-cathode. , indicating the potential of using denitrifying bio-cathode MFC for energy production. The obtained maximum power was approximately 83 % higher than that obtained by Clauwaert et al. [34] . The higher maximum power obtained was due to the special internal design of the MFC reactor that achieves a plug flow condition. The cathodic nitrate loading beyond 0.15 kg
could not produce more power indicated the limitations of acetate as electron donor for biological denitrification.
Conclusions
In this study, a bio-cathode MFC was investigated to achieve complete biological denitrification on cathode surfaces by the help of electrons supplied from the organics oxidation during synthetic wastewater treatment at anode surfaces. The prime goal of this study was to explore the feasibilities of a continuous up-flow baffled channel MFC using carbon fiber brush electrode for treating synthetic wastewater in anode and biological nitrogen removal (denitrification) in cathode with attainable electricity and power production. The results of the experiments performed over 6 months of operation with acetate demonstrated the feasibilities of combined carbon and nitrogen removal process with electrical energy recovery. The optimum cathodic nitrate loading corresponds to the electrons supplied from the COD removal from synthetic acetate solution was 0.15 kg NO 3 − -N m
indicating that the bio-cathode denitrification is relatively dependent on the electron supplying capacity of the anodic substrate. Hence, the anodic substrate has a limit to act as electron donor for this type of autotrophic denitrification. At the same time, the MFC reactor design and the selection of materials should be optimized to achieve sufficient microbial density at the vicinity of the MFC electrode to harvest maximum electrons. The highest volumetric power obtained was 14.63 W m −3 NCC with concurrent denitrification of 148.3 ± 1.4 g N m −3 NCC d −1 . This power generation rate was significantly higher than that found by the similar studies using granular graphite electrode, indicating the good internal design of this MFC reactor.
The initial nitrate loading to the cathodic bio-film has an effect on the denitrification and current generation process. The inhibitory effect of the intermediate denitrifying product-nitrite (NO 2 − ) as well as FNA was observed. The current production and the denitrification activity of this bio-cathode MFC system was reduced approximately 45 % and 20 % respectively, at a FNA concentration of 0.0014 ± 0.0001 mg HNO 2 -N L −1 (equivalent to the nitrite concentration of 6.2 ± 0.9 mg NO 2 -N L −1 at a pH of 7 ± 0.1). However, this study shows the practical relevance of a novel denitrification process using MFC even though it has not been fully optimized at this stage. Future investigation might be required to understand the reductase enzyme activity for the step down biological denitrification and the possible electron competitions for the reductase enzyme under respective redox potential. 
